Abstract Elevated thyrotropin (TSH) levels in critically ill extremely premature infants have been attributed to transient hypothyroidism of prematurity or non-thyroidal illness syndrome. We evaluated the hypothesis that relatively high TSH levels in the first 2 postnatal weeks follow recovery from systemic inflammation, similar to non-thyroidal illness syndrome. The study was conducted in 14 Neonatal Intensive Care Units and approved by each individual Institutional Review Board. We measured the concentrations of TSH and 25 inflammation-related proteins in blood spots obtained on postnatal days 1, 7, and 14. We then evaluated the temporal relationships between hyperthyrotropinemia (HTT), defined as a TSH concentration in the highest quartile for gestational age and postnatal day, and elevated levels of inflammationrelated proteins. 880 newborns less than 28 weeks of gestation were included. Elevated concentrations of inflammation-related proteins during the first or second week did not precede day-14 HTT. Systemic inflammation on day 7 was associated with day-14 HTT only if inflammation persisted through the end of the 2 week period. HTT frequently accompanied elevated concentrations of inflammation-related proteins on the same day. The hypothesis that HTT follows recovery from severe illness, defined as preceding systemic inflammation, is weakly supported by our study. Our findings more prominently support the hypothesis that TSH conveys information about concomitant inflammation in the extremely premature newborn.
Introduction
Measurement of thyrotropin (TSH) is one of the preferred methods of screening for congenital hypothyroidism [1] .
Nonetheless, interpretation of TSH levels in extremely preterm newborns remains a challenging task. Preterm newborns are more likely than infants born at term to screen positive for hypothyroidism. Most often, the elevated concentrations of TSH reflect transient hypothyroxinemia of prematurity [2, 3] . A positive screen result, however, may also reflect temporary factors that are prevalent in the preterm population, such as exposure to iodine or other medications [4] .
Preterm newborns are also at increased risk of being critically ill and consequently having non-thyroidal illness (NTI) with an abnormal regulation of the thyroid axis [5, 6] . In NTI, neuroendocrine changes in the hypothalamicpituitary-thyroid (HPT) axis during acute illness can be associated with inappropriately normal TSH concentrations in the setting of decreased peripheral thyroid hormone levels. Frequently TSH level rises during recovery, possibly as a compensatory mechanism [5] .
The Extremely Low Gestational Age Newborns Study (ELGAN) sample provided us an opportunity to evaluate to what extent hyperthyrotropinemia (HTT) is a consequence of NTI. We selected systemic inflammation as an indicator of illness severity. In this sample, systemic inflammation as measured by the set of 25 inflammation-related proteins presented in this study, is associated with documented, culture-positive early and late bacteremia [7] , blood gas derangements [8] , prolonged mechanical ventilation [9] , necrotizing enterocolitis, and isolated intestinal perforation [10] , which makes systemic inflammation an appropriate surrogate for severity of illness. We hypothesized that if HTT was a consequence of NTI, it would occur during recovery from severe illness, that is, when inflammation subsides.
Materials and methods
The ELGAN study
The ELGAN study was designed to identify characteristics and exposures that increase the risk of structural and functional neurologic disorders in extremely low gestational age newborns [11] . During the years 2002-2004, women who delivered before 28 weeks gestation at one of 14 participating institutions in 11 cities in 5 states were asked to enroll in the study. The enrollment and consent processes were approved by the individual institutional review boards. A full description of the methods is provided elsewhere [11] . Here, we assess the relationships between TSH concentrations and characteristics of the preterm newborn, including the blood concentrations of indicators of systemic inflammation.
Newborn variables
The gestational age estimates were based on a hierarchy of the quality of available information. Most desirable were estimates based on the dates of embryo retrieval or intrauterine insemination or fetal ultrasound before the 14th week (62 %). When these were not available, reliance was placed sequentially on a fetal ultrasound at 14 or more weeks (29 %), last menstrual period (LMP) without fetal ultrasound (7 %), and gestational age recorded in the log of the neonatal intensive care unit (1 %). Of the 939 infants in the sample, 52 % were male; 20 % were born at 23-24 weeks gestation, 46 % at 25-26 weeks, and 34 % at 27 weeks; and 37 % had a birth weight B750 g, 44 % were 751-1,000 g, and 19 % were [1,000 g.
Blood spot collection
After blood collected for clinical indications was prepared for laboratory analysis, remaining drops were collected on filter paper (Schleicher & Schuell 903) on the first postnatal day (range 1-3 days), the 7th postnatal day (range 5-8 days), and the 14th postnatal day (range 12-15 days). Dried blood spots were stored at -70°C in sealed bags with desiccant until processed.
Protein measurement
Details about elution of the 25 inflammation-related proteins from blood spots and their measurement with the Meso Scale Discovery (MSD) electrochemiluminescence system are provided elsewhere [12] . Validated by comparisons with traditional ELISA [13, 14] , this system has high content validity [12, [15] [16] [17] , and inter-assay variations that are invariably less than 20 %.
The Laboratory of Genital Tract Biology of the Department of Obstetrics, Gynecology and Reproductive Biology at Brigham and Women's Hospital, Boston measured TSH along with the following 25 proteins using multiplex assays designed for the Meso Scale Discovery platform: IL-1b (Interleukin-1b), IL-6 (Interleukin-6), IL-6R (interleukin-6 receptor), TNF-a (tumor necrosis factor-a), TNF-R1 (tumor necrosis factor-a-receptor1), TNF-R2 (tumor necrosis factora-receptor2), IL-8 (CXCL8) (interleukin-8), MCP-1 (CCL2) (monocyte chemotactic protein-1), MCP-4 (CCL13) (monocyte chemoattractant protein-4) (CCL13), MIP-1b (CCL4) (Macrophage Inflammatory Protein-1b) (CCL4), RANTES (CCL5) (regulated upon activation, normal T cell expressed, and [presumably] secreted), I-TAC (CXCL11) (Interferoninducible T cell a -Chemoattractant), ICAM-1 (CD54) (intercellular adhesion molecule-1), ICAM-3 (CD50) (intercellular adhesion molecule-3), VCAM-1 (CD106) (vascular cell adhesion molecule-1), E-SEL (CD62E) (E-selectin) (CD62E), MMP-1 (matrix metalloproteinase-1), MMP-9 (matrix metalloproteinase-9), CRP (C-Reactive Protein), SAA (serum amyloid A), MPO (myeloperoxidase), VEGF (vascular endothelial growth factor), VEGF-R1 (vascular endothelial growth factor-receptor1), VEGF-R2 (vascular endothelial growth factor-receptor2), and IGFBP-1 (insulinlike growth factor binding protein-1). The MSD prototype platform for measuring TSH had been validated by the protein standard provided by Scripps Laboratories.
Measurements were made in duplicate and the mean served as the basis for all analyses. Because the volumes of blood spots collected from leftover blood at bed site vary, concentrations of each protein were normalized to mg total protein quantified by the BCA total protein assays as previously reported [15] . The measurements of TSH were expressed as nano (International) Units/mg total protein. The measurements of all other proteins were expressed as pg/mg total protein.
The concentrations of TSH and the inflammation-related proteins were not normally distributed and varied with gestational age and with the day of blood collection. Consequently, we classified newborns by the quartile of their concentrations within gestational age (23) (24) (25) (26) , and 27 weeks) and collection-day (postnatal day 1, 7, and 14) strata. HTT was defined as a TSH concentration in the top quartile within a gestational age and postnatal day stratum. Consequently, by this definition, HTT does not vary with gestational age in Table 1 .
Data analysis
Our first null hypothesis is that HTT is not a consequence of recovery from a presumed non-thyroidal illness (NTI). We were especially interested in assessing the relationship between systemic inflammation on days 1 and 7 and HTT on postnatal day 14. To test this hypothesis, we compared infants whose concentration of an inflammation-related protein on days 1 and/or 7 was in the top quartile (on each relevant day) to infants whose inflammation-related protein concentration was in the lower three quartiles (on the same day[s]) ( Table 2 ). We chose the 95th percentile cut-off to identify a group of newborns large enough that would allow us to make comparisons and reach conclusions with reasonable confidence. Twenty-five logistic regression models (one for each inflammation-associated protein) were fit to estimate odds ratios and 99 % confidence intervals for a day-14 TSH concentration in the top quartile. We selected the 99 % confidence interval, rather than the conventional 95 % interval, to minimize both type 1 and type 2 errors, while adjusting for multiple comparisons. Nonetheless, the 25 proteins selected represent broadly the mediators of inflammation including cytokines, chemokines, adhesion molecules, metalloproteinases, and growth factors that reflect all different steps of the inflammatory process [18] and not necessarily contribute unique information about a distinct or separate exposure, and in these sample their top quartile concentrations tend to vary together [19] .
Every model included variables for gestational age category (i.e., 23-24, 25-26, and 27 weeks) and three exposure variables for the inflammation-related protein in the top quartile, one for a top quartile measurement on day 1 but not day 7, another for a top quartile measurement on day 7 but not day 1, and a third for a top quartile measurement on both days 1 and 7. These three exposure groups were compared to the referent group of children who did not have a top quartile measurement on either day 1 or day 7.
Because of the possibility that a top quartile measurement of an inflammation-associated protein on day 7 was an antecedent of systemic inflammation evident on day 14, we considered the possibility that HTT accompanies, rather than follows, systemic inflammation. To test this, we repeated the analyses in Table 2 , this time excluding observations with a top quartile, day-14 concentration of the inflammationrelated protein (Table 3 ). This procedure minimized the confounding due to concomitant inflammation.
Our second null hypothesis is that HTT is not associated with inflammation. We created logistic regression models that compared infants with HTT to infants without HTT to see which group was at higher risk of having concentrations of inflammation-related proteins in the top quartile for gestational age on the same day. All models were adjusted for gestational age category (i.e., 23-24, 25-26, 27 weeks) ( Table 4) . (Table 1) Newborns who had HTT on day 14 did not differ from newborns who did not have HTT in their birth weight Zscores, pregnancy complications (preterm labor, premature rupture of membranes, placental abruption, cervical insufficiency), or exposure to antenatal steroids. However, newborns in the HTT group had a higher risk of being delivered because of a pregnancy complicated by preeclampsia or a fetal indication.
Results

Characteristics and exposures of newborns with HTT
Elevated concentrations of inflammation-associated proteins preceding day-14 HTT: total sample (Table 2) Children who had only a day-1 concentration of the inflammation-associated protein in the top quartile were Endocrine (2015) 48:595-602 597 not at increased risk of day-14 HTT. On the other hand, children who had only a top quartile day-7 concentration of TNF-R1, TNF-R2, MCP-1, MIP-1b, ICAM-1, E-SEL, or IGFBP-1 were at statistically significant risk of day 14-HTT. MCP-1 and IGFBP-1 were the only two proteins whose elevated concentrations on both day-1 and day-7 were associated with an increased risk of day-14 HTT.
Elevated concentrations of inflammation-associated proteins preceding day-14 HTT: excluding cases with elevated inflammation-related proteins on day-14 (Table 3) While 7 proteins had top quartile concentrations on day 7 that predicted day-14 HTT (Table 2) , only 1 of these proteins, TNF-R1, did so in the sub-set that excluded cases with a top quartile day-14 concentration of the same protein. Odds ratios (and 99 % confidence intervals) for a day-14 TSH concentration in the top quartile among children who had a top quartile concentration of the inflammation-associated protein listed on the left on the day(s) listed at the top of each column. The referent group for each comparison consists of infants whose concentration of the inflammation-associated protein was in the lower three quartiles that day. The models are adjusted for gestational age. Statistically significant elevated values are in bold Elevated concentrations of inflammation-associated proteins and their relation to concurrent HTT (Table 4) Newborns with HTT on each of the three days assessed were more likely than others to have elevated concentrations of inflammation-related proteins on the same day. On day 1, elevated concentrations of 12 proteins were significantly associated (p \ 0.01) with HTT on the same day. Newborns with HTT on day 7 were more likely than others to have an elevated concentration of 16 proteins on day 7, while those who had HTT on day 14 were more likely than others to have an elevated concentration of 15 proteins that day.
Discussion
In our sample of extremely preterm newborns, HTT tended to be accompanied by systemic inflammation rather than follow recovery from systemic inflammation.
Systemic inflammation as a surrogate of severe illness and NTI
The 25 inflammation-related proteins analyzed in our study are a broad representation of cytokines, chemokines, adhesion molecules, metalloproteinases, and growth factors. These biomarkers represent various steps or aspects of the inflammatory process, and their peak concentrations may vary within the biological process of inflammation. Thus, all together they give a robust picture of the inflammatory process [18] . In the ELGAN sample, these 25 inflammation-related proteins are associated with documented, culture-positive early and late bacteremia [7] , prolonged mechanical ventilation [9] , blood gas derangements [8] , necrotizing enterocolitis, and isolated intestinal perforation [10] , which are critical illnesses known to affect thyroid regulation in preterm infants [20] .
HTT is probably not a consequence of NTI ELGAN infants with intense systemic inflammation are at heightened risk of NTI. We hypothesized that consequently to NTI, ELGANs would demonstrate higher levels of TSH after the inflammation subsided (i.e., during the ''recovery phase''). We did find elevated TSH consequential to increase of inflammatory proteins but only for day-7 systemic inflammation, and only if it did not subside by the time the TSH was elevated. This indicates that concomitant inflammation on day 14 probably accounted for some or most of the day 7 inflammation that preceded day 14 HTT. To the extent that systemic inflammation can be viewed as a surrogate for disorders and processes that can result in NTI, the main implication of our findings is that day-14 HTT is unlikely to be a consequence of NTI but rather may be a lagging indicator of systemic inflammation.
HTT is concomitant with inflammation
To our knowledge, the only study of TSH-inflammation relationships in premature infants found that higher concentrations of IL-6 and CRP were not appreciably associated with TSH concentration, although they were associated with lower concentrations of total T3 [21] . Observational studies of adults document that those who have elevated TSH concentrations are more likely than others to have systemic inflammation [22, 23] . These studies, however, do not identify which phenomenon precedes the other, the thyroid dysfunction or the inflammation. Our finding of concomitant inflammation and HTT has several plausible explanations. One is that TSH can potentially be a marker of an acute phase response independent of its role in thyroid axis regulation. In essence, our findings are compatible with the hypothesis that both HTT and systemic inflammation have a common set of antecedents.
Another explanation is that elevated TSH concentrations stimulate systemic inflammation. The inflammation-related proteins found to be concomitantly elevated with TSH are similar to the ones described in adult populations and in tissue-specific cells following TSH administration [24, 25] . For example, TSH promotes the release of TNF-alpha in vitro by one type of bone marrow cell [24] , and release of IL-6 by human abdominal subcutaneous differentiated adipocytes [26, 27] . In the same manner, administration of recombinant human TSH to human adults increases blood concentrations of CRP and ICAM-1 [25] . In addition, successful treatment of hypothyroidism in dogs reduces circulating levels of SAA [28] .
A third possible explanation is that inflammation promotes TSH synthesis and release. This is plausible in light of studies in mice that lipopolysaccharide, a strong inflammatory stimulus, decreases serum thyroxine and triiodothyronine concentrations [29] . The discrepancy between the findings of Tables 2 and 3 suggest that systemic inflammation might sometimes contribute to HTT.
Limitations
This study has several limitations. First, we were not able to measure thyroxine concentration at the time of TSH measurements. Additionally, due to the measurement technique involving eluents of dried blood spots, we did not have a volume for each specimen, and were, therefore, not able to calculate actual concentration in mIU/L. However, because they are standardized to protein concentrations in the blood spots, our measurements allow Odds ratios (and 99 % confidence intervals) for a concentration in the top quartile of the protein listed on the left among children whose TSH concentration that same day was in the highest quartile. The referent group for all comparisons consists of infants whose TSH concentration was in the lower three quartiles that day. The models are adjusted for gestational age. Statistically significant elevated values are in bold comparisons within our ELGAN cohort. In addition, it is evident from our results that some of the markers of inflammation were related to concomitant HTT while others were not. The selectivity of these findings could be explained by the kinetics of the systemic inflammation and the variability in the timing of each biomarker's concentration peak; however, we cannot discriminate in this study whether these discrepancies are due to false-positive or false-negative results or represent the complexity of systemic inflammation. Last, like any other observational study, ours does not distinguish between causation and association.
Strengths
Our study has several strengths. We included a large number of infants, making it unlikely that we have missed important associations due to lack of statistical power, or claimed associations that might reflect the instability of small numbers. We selected infants based on gestational age, not birth weight, in order to minimize confounding due to factors related to fetal growth restriction [30] . All data were collected prospectively and our protein measurements are of high quality [13] and have high content validity [12, [15] [16] [17] .
The future
Because our findings raise the possibility that HTT in preterm infants reflects ongoing inflammation, future studies should better define the nature of the relationship between systemic inflammation and elevated concentrations of TSH in very preterm newborns. Exploration is also encouraged to assess to what extent HTT constitutes an adaptive or maladaptive response.
Conclusion
Elevated TSH concentrations in extremely low gestational age newborns (ELGANs) are associated with concomitant systemic inflammation. The hypothesis that HTT follows recovery from severe illness in this cohort is minimally supported by our data. To what extent TSH elevation acts as an activator of an inflammatory response remains to be determined.
